Background: The microRNA, miR-34c, is a well-established regulator of tumour suppression. It is downregulated in most forms of cancers and inhibits malignant growth by repressing genes involved in processes such as proliferation, anti-apoptosis, stemness, and migration. We have previously reported downregulation and tumour suppressive properties for miR-34c in prostate cancer (PCa).
Prostate cancer (PCa) is the most common malignancy in men and the leading cause of cancer-related death for European men (Jemal et al, 2011) . While confined to the prostate gland, the tumour is curable by either prostatectomy or radiation therapy. As the tumour progresses, it develops the abilities to invade surrounding tissues and metastasize. The effect of androgens through the androgen receptor (AR) is important for the growth and survival of prostate cells (Balk, 2002; Gelmann, 2002) , but also represents an important oncogenic pathway for PCa progression. Androgen deprivation therapy, either chemical or surgical castration, is the standard treatment for advanced PCa. This treatment option results in initial regression of cancer growth in almost all patients. However, the majority of the tumours will eventually assume growth in a castration-resistant form (CRPC), for which there is currently no effective cure. The progression to the castrationresistant state is dependent on AR signalling, involving, for example, increased expression of the AR, increased local production of androgens, or increased activity of the AR (Feldman and Feldman, 2001 ). CRPC progression is associated with increased incidence of metastases, the major cause of cancer-related deaths in these men. The met proto-oncogene (hepatocyte growth factor receptor), abbreviated MET, is known to promote motility and invasive capability of tumour cells (Birchmeier et al, 2003; Trusolino et al, 2010) . MET is a member of the receptor tyrosine kinase family and has been shown to be upregulated in CRPC and in metastases (Humphrey et al, 1995; Knudsen et al, 2002) . The level of MET is suggested to be increased by, for example, gene amplification, hypoxia via HIF1a, but repressed by androgens through the AR (Verras et al, 2007) . The microRNA, miR-34c, has also been shown to negatively modulate MET expression in cell lines derived from, forexample, lung, colon and gastric tumours (Migliore et al, 2008) .
The tumour suppressor miR-34c has been shown to be downregulated in a number of different malignancies, such as neuroblastoma (Cole et al, 2008) , breast (Yu et al, 2012) , lung (Liang, 2008; Liu et al, 2009 ) and colorectal cancer (Toyota et al, 2008) . Downregulation of miR-34c has been suggested to occur due to, for example, loss of heterozygosity within the 11q23 region (Dahiya et al, 1997; Ellsworth et al, 2008) , epigenetic events such as CpG island methylation (Toyota et al, 2008; Corney et al, 2010; Vogt et al, 2011) or lost transcriptional induction of p53 (Bommer et al, 2007; Corney et al, 2007; He et al, 2007) , as a consequence of p53 often being mutated in advanced cancer (Lane and Levine, 2010) . This miRNA is involved in the regulation of proliferation, apoptosis, stem cell renewal, migration, senescence, and chemotherapy resistance (Bommer et al, 2007; Corney et al, 2007; Migliore et al, 2008; Catuogno et al, 2012) . Our team has previously shown that miR-34c is decreased in PCa, inversely correlates to the grade of the tumour, occurrence of metastases, and shortened survival, and that reconstituted levels of miR-34c induce changes in proliferation, apoptosis, migration, invasion (Hagman et al, 2010) , and AR levels (Ostling et al, 2011) . In this article, we continue to characterise the targets and mechanisms of action of miR-34c in PCa. By ectopic expression of miR-34c in vitro, followed by gene expression array, we found MET to be a target of miR-34c in prostate cancer cells. This finding was confirmed on both mRNA and protein levels, and reporter gene luciferase assays verified direct binding of miR-34c to two specific binding sites in the 3 0 -UTR of MET. Further, we found MET expression to inversely correlate to miR-34c levels in a small but well-documented PCa cohort. Our working hypothesis is that miR-34c has a role in the initiation, progression, metastases, and transition to castration resistance of PCa, and that some of these effects are mediated by targeting MET.
MATERIALS AND METHODS
Cell culture and transfection. The prostate cancer cell lines were obtained from American Type Culture Collection (DU145, PC3, 22Rv1 and LNCaP clone FGC; Manassas, VA, USA) and European Collection of Cell Cultures (PNT2 and VcaP; Public Health England, Salisbury, UK). The cells were cultured according to the manufacturer's recommendations. Cells were transiently transfected with miRIDIAN microRNA Mimic (80 nM probe, Dharmacon, Lafayette, CO, USA) or miRCURY LNA knockdown probes (200 nM probe, Exiqon, Vedbaek, Denmark) using an Oligofectamin reagent (Invitrogen, Carlsbad, CA, USA). Control experiments were performed in parallel, transfecting cells with miRIDIAN microRNA Mimic Negative Control (Dharmacon) or scramblemimics (Exiqon), respectively. The MET pRRL.2 lentiviral vector was a kind gift from professor Trusolino (University of Turin). It contains the coding region of MET and the first part of the 3 0 -UTR (1-188 nt). We co-transfected cells with miR-34c mimics and 1 mg vector using Lipofectamin 2000 (Invitrogen).
RNA extraction and qRT-PCR. PC3 cells were transiently transfected with miR-34c or scramble mimics, and total RNA was extracted with Trizol, according to the manufacturer's recommendations (Invitrogen). RNA was also extracted from the different cell lines as described previously (Hagman et al, 2010) . The RNA was reverse transcribed using the RevertAid H minus First Strand cDNA Synthesis Kit (Fermentas, Thermo Scientific, Wilmington, DE, USA). QRT-PCR was performed with MET specific primers (Applied Biosystems, Foster City, CA, USA, cat. #4331182) and the TaqMan master mix (Applied Biosystems, cat. #4369016). HPRT and PGK1 were used as endogenous controls.
Microarray hybridization and data analysis. Single-stranded cDNA was generated using the GeneChip Whole Transcript (WT) cDNA Synthesis and Amplification Kit (Affymetrix Inc, Santa Clara, CA, USA) using 100 ng of total RNA. Amplified cDNA was fragmented and labelled using the GeneChip WT Terminal Labelling Kit (Affymetrix). Subsequently, the biotinylated cDNA was hybridized to the GeneChip Human Gene 1.0 ST Arrays (Affymetrix). The arrays were washed and stained on a GeneChip Fluidics Station 450 (Affymetrix) according to the manufacturer's recommendations. Arrays were scanned using the GeneChip Scanner 3000, and image analysis was performed using GeneChip Operating Software (GCOS, Affymetrix), and in Genepix 4.0 (Axon Instruments, Inverurie, Scotland). The data were normalized, background corrected, and summarised using the Robust Multichip Average (RMA) algorithm implemented in the Expression Console version 1.1.2 software (Affymetrix). The data were analysed using SAM analysis to identify significantly differentially expressed genes between the groups. The list of differentially expressed genes with q-values over zero and lower expression in the test groups than in the controls were analysed using Ingenuity Pathway Analyses (Ingenuity, Mountain View, CA, USA). A score was computed for each network according to the fit of the original set of significant genes. This score reflects the negative logarithm of the P-value, which indicated the likelihood of the focus genes in a network being enriched in the data set by chance.
Western blot. Cells were lysed with M-PER (Pierce, Rockford, IL, USA) supplemented with Halt T protease inhibitor cocktail EDTAfree (Pierce) and 13.4 mM EDTA. Protein concentration was measured, and equal amount of proteins were separated on a NuPAGE (Invitrogen) and transferred onto an Immobilon PVDF membrane (Millipore Corporation, Bedford, MA, USA). The membrane was incubated with antibodies directed against MET (sc-10, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), GAPDH 1:20000 (a-GAPDH, MAB374, Chemicon, CA, USA), and a-actinin (sc-17829, Santa Cruz Biotechnology). Signals from HRP-coupled polyclonal secondary antibodies (mouse, Dako, Glostrup, Denmark) were generated by ECL plus (GE Healthcare, Waukesha, WI, USA) and recorded using a CCD camera (LAS-3000, Fujifilm, Tokyo, Japan). Band intensities on western blot were quantified and normalized to the band intensities of GAPDH, using the ImageJ software (Madison, WI, USA).
Luciferase assay. The full MET 3 0 -UTR was amplified by nested PCR using PC3 cDNA as template and cloned into miREPORT (Ambion, Austin, TX, USA). For primer sequences see Table 1 . In silico analyses using TargetScan 5.2 identified two miR-34c binding sites in the 3 0 -UTR of MET, at position 51-57 and position 2162-2168. We used QuickChange mutagenesis to mutate these sites (Stratagene, Santa Clara, CA, USA). For primer sequences see Table 1 . DNA sequencing of the vectors were performed using the Big Dye Terminator cycle sequencing ready reaction kit (Applied Biosystems). Cells were co-transfected with mimics or LNA inhibitors together with the miREPORT vector containing MET 3 0 -UTR with or without mutations. After 24 or 48 h, the cells were lysed and the luciferase signal was detected using a dual luciferase reporter assay, according to manufacturer's recommendations (Promega, Madison, WI, USA). A co-transfected Renilla vector was used for normalisation (Ambion).
miR-34c and MET expression levels in PCa. The prostate cohort of 47 patients with PCa and the RNA extraction protocol have been described previously (Hagman et al, 2010) . The miRNA levels were quantified using the TaqMan MicroRNA Assay (Applied Biosystems) according to the manufacturer's protocol with a few modifications described previously (Hagman et al, 2010) . Adjacent formalin-fixed paraffin-embedded prostate tissue section slides were used for the miR-34c quantification and the detection of MET. The percentage of cancer cells in the samples (5-90%) was determined by a pathologist, more detailed information regarding the clinical parameters of each individual can be found in Hagman et al (Hagman et al, 2013) . The immunohistochemical detection of MET was done as described in Ö stling et al (Ostling et al, 2011) . MET (ab51067, Abcam, Cambridge, UK) was used as a primary antibody. The stained sections were scored independently, based on the MET staining intensity, by one pathologist and two other researchers. Overall staining intensity was scored (0 ¼ no, 1 ¼ weak, 2 ¼ distinct). For each patient, the MET intensity was scored in the malignant epithelium and benign epithelium.
Migration assay. The migration capacity of the cells was studied using migration inserts and plates (BD Biosciences, cat # 353093 and 353502) according to the manufacturer's instructions. Briefly, 3 days after transfection of DU145 cells with miR-34c or scrambled mimics and MET expression vector, cells were seeded in serumfree medium onto the membrane of the upper chamber. Cell media with 10% FBS was added to the lower chamber. The cells that had passed through the membrane after 17 h were fixed in paraformaldehyde and stained with crystal violet. The number of cells was counted manually in three independent experiments. Statistical analysis. For the results from the luciferase assay, western blot and qRT-PCR on MET expression in cell lines, we used Student's t-test, where Po0.05 was considered significant. 
Sequences of target site blockers to block the miR-34c-predicted sites in the MET 3 0 -UTR. Primers for PCR amplification of MET 3 0 -UTR and the primers used to mutate the miR-34c binding sites. GraphPad Prism version 5 was used for analyses on patient material (GraphPad Software, La Jolla, CA, USA).
RESULTS
Identification of pathways affected by miR-34c in prostate cancer. To identify mRNAs negatively affected by miR-34c in PCa, mRNA microarray analysis was performed with androgenindependent PC3 cells transfected with miR-34c or a scramble mimics. The targets identified are provided in Supplementary  Table 1 (cutoff41.3-fold changed) . The data have been deposited in NCBI's Gene Expression Omnibus (Edgar et al, 2002) , accession number GSE41322. By ingenuity pathway analysis, we investigated which pathways that are enriched for molecules deregulated by miR-34 c. Among the top biofunctional pathways are cell death (P ¼ 2.5 Á 10 À 7 ), cell cycle (P ¼ 1.2 Á 10 À 5 ), cellular growth (P ¼ 1.6 Á 10 À 5 ), and cellular movement (P ¼ 3.2 Á 10 À 5 ), see Table 2 . Among the canonical pathways affected by miR-34c are NF-kB and hepatocyte growth factor (HGF) signalling, see Table 3 . Among the downregulated genes after miR-34c expression are genes important in cancer, for example, CDC25A, E2F5, NOTCH2, RRAS, JAG1, MET, and PDGFRA (target list is found in Supplementary Table 1).
All the specified targets contain miR-34c binding sites predicted by at least three target prediction programs (Miranda (Enright et al, 2003) , miRtarget2 (Wang and El Naqa, 2008) , Pictar (Krek et al, 2005) , Pita (Kertesz et al, 2007) , RNAhybrid (Rehmsmeier et al, 2004) , and TargetScan (Lewis et al, 2005) ). We chose to focus our efforts on MET, found to be 1.4-fold downregulated in the transcriptome analyses. The rationale behind this was that HGF signalling was one of the highest ranking canonical pathways, cellular movement was one of the top biofunctional pathways, MET has been suggested to have a key role in PCa progression affecting migration and invasion (features previously described by us that miR-34c induces in PCa cells (Hagman et al, 2010) ) and MET has been shown to be a target of miR-34 family members in other cancer cell lines (Migliore et al, 2008) . miR-34c affects MET expression. To validate that miR-34c modulates the levels of MET in PCa cells, we transfected PC3 cells with miR-34c or scramble mimics. As shown in Figure 1a , the mRNA level of MET was dramatically affected by miR-34c expression (a 97% decrease, P ¼ 0.003). The amount of MET protein was also significantly reduced when ectopically expressing miR-34c, (88% decrease for the precursor of 170 kDa, P ¼ 0.012; and 94% decrease for the b-subunit of 145 kDa, P ¼ 0.0002) in PC3 cells, see Figure 1B . The effect on MET protein levels was also confirmed in PNT2 cells (39% decrease, P ¼ 0.028) and DU145 cells (73% decrease, P ¼ 0.038), see Figure 1b . This indicates that miR-34c affects MET expression at the transcriptional level by, for example, cleavage of the mRNA or by destabilizing the mRNA. This effect is carried on to the protein level, but miR-34c might also accomplish additional blocking of the translation.
To test if miR-34c directly binds the 3 0 -UTR of MET mRNA, we performed luciferase reporter assays in PC3 cells. Co-transfection of MET 3 0 -UTR reporter vector and miR-34c mimics resulted in a decreased luciferase signal (compared with scramble mimics, P ¼ 0.006), confirming that binding of miR-34c to the 3 0 -UTR of MET have a direct inhibitory effect, see Figure 2A . To locate the specific binding site, an in silico prediction was performed, and two miR-34c binding sites were identified in the MET 3 0 -UTR, se Figure 2B . These sites were confirmed in vitro: the repression of MET upon ectopic expression of miR-34c in PC3 cells (P ¼ 0.044) was abolished if either of the two predicted binding sites was mutated, as measured using luciferase reporter assays with the 3 0 -UTR of MET, see Figure 2C , indicating that both sites are needed for the repression of MET to occur. The reverse, blocking of endogenous miR-34c with a LNA-antisense probes, resulted in increased luciferase signal (P ¼ 0.001), see Figure 2d , implying that MET is repressed to a certain degree by endogenous miR-34c. But, when plasmids containing MET 3 0 -UTR with either of the two miR-34c binding sites mutated were co-transfected with antisense miR-34c, this resulted in an increase in luciferase signal for both mutated binding sites, indicative of miR-34c being able to act through either of two sites, see Figure 2D . This experiment, however, suggests that the second binding site is the primary binding site, as the ratio of miR-34c and negative control for 'mut1' that only has an intact second target site is higher than for 'mut2' (P ¼ 0.019).
Effects on the phenotype. Next, we investigated if MET is the main target of miR-34c conveying the migratory phenotype. This was done by introducing miR-34c and investigating whether ectopic expression of MET could rescue the phenotype in DU145 cells. The MET construct contains the coding region and part of the 3 0 -UTR were the first miR-34c binding site is located, but not the second. Cells overexpressing miR-34c has a decreased migratory potential, but when exogenous MET is co-expressed with miR-34c the migratory potential is significantly increased (P ¼ 0.034), but still shows a significantly (P ¼ 0.05) lower migration compared with cells only overexpressing MET and no miR-34c, see Figure 3A . This experiment indicated that the decreased migratory potential of miR-34c-expressing cells can be counteracted by MET overexpression.
MET expression in prostate cell lines and clinical samples. The level of MET in different prostate cell lines was determined by qRT-PCR. The MET expression is the highest in the highly metastatic and aggressive AR-negative cell lines PC3 and DU145, whereas the expression of MET was found to be the lowest in the AR-positive cell lines LNCaP and 22Rv1, see Figure 3B , in accordance with previous results (Humphrey et al, 1995; Knudsen et al, 2002; Verras et al, 2007) , indicative of AR signalling repressing MET levels. We also analysed the expression of MET by immunohistochemical analyses using an antibody against MET in prostatic tissue sections from a PCa cohort (n ¼ 47). This resulted in a cytoplasmic or plasma membrane staining of epithelial cells, and no staining in stromal cells. The MET protein content in the benign and malignant epithelium in samples from each PCa patient was scored by overall intensity, see Figure 4A . We found a statistical significant increase of MET protein in patients with CRPC compared with untreated PCa patients or patients undergoing treatment (the benign epithelium P ¼ 0.0008, the malignant epithelium P ¼ 0.032). Reduced miR-34c expression has previously been linked to PCa aggressiveness and occurrence of metastases, whereas the opposite, increased expression, has been described for MET. Therefore, we analysed whether miR-34c levels determined by qRT-PCR were inversely correlated with MET levels in the PCa cohort. We found a significant inverse correlation between miR-34c expression levels and assessment of the MET immunostaining in the benign epithelium (P ¼ 0.0145, 1 way ANOVA; P ¼ 0.0126, Spearman), see Figure 4b and c. In the malignant epithelium there was no significant correlation, see Figure 4d .
DISCUSSION
In this study, we further investigate the mechanisms and implications of miR-34c deregulation in PCa. The analyses of the transcriptome after miR-34c ectopic expression showed that miR-34c targets major oncogenic pathways such as apoptosis, proliferation, and migration. These results agree with the effects of miR-34c on proliferation, apoptosis, migration, and invasion found in earlier studies, and with the correlation to clinical parameters such as aggressiveness, occurrence of metastases, and overall survival in PCa patients (Hagman et al, 2010) . The analyses of the transcriptome were run in PC3 cells, as they have low levels of miR-34c and as ectopic expression of miR-34c in PC3 cells gives profound phenotypic changes such as increased apoptosis and decreased growth and migration. The effects that miR-34c conveyed on proliferation and apoptosis could be exerted through the identified targets E2F3 and Bcl-2, but the effect on migration has not yet been explained. It was thus interesting to find that HGF signalling was affected by miR-34c. HGF is the ligand of MET, and it is secreted by mesenchymal cells in the stroma to induce the activation of MET in epithelial cells (Birchmeier et al, 2003) . MET has been described as a miR-34c target in other cellular settings (Migliore et al, 2008) and is known to promote motility and invasive capabilities of tumour cells.
To our knowledge, this is the first time miR-34c is shown to target MET in PCa cells. Our results clearly show that miR-34c targets MET in vitro, as both ectopic expression and blocking of miR-34c effect MET levels, and possibly in vivo as well. Our data further strongly suggest that the binding to MET in PCa cells is direct, as the effect can be counteracted by mutating either of the miR-34c predicted binding sites. There are three other miRNAs miR-34a, 449a and b that are predicted to bind to the same binding site according to the TargetScan. It is possible that miR-34c affects levels of these other miRNAs that subsequently targets MET; however, such feedback loops have not been reported and is unlikely to occur within the 24 h time frame used. Increased levels of MET as a consequence of alleviated miR-34c repression could explain the motile and invasive phenotype of miR-34c-depleted cells and the inverse correlation to metastases in patients those we previously reported (Hagman et al, 2010) . By a gain-of-function experiment, we show that the migratory potential increased when overexpressing MET as could be expected. The migration induced by MET was significantly reduced by simultaneous ectopic expression of miR-34c, indicating that MET is an important target for the effect miR-34c has on migration. It is likely that miR-34c and MET are connected by a positive feedback loop. MET triggers the activation of PI3K/AKT, which increases mTOR activation, which in turn inhibits p53 (by promoting the translation of Mdm2) (Moumen et al, 2007) . As p53 activates the expression of miR-34c (He et al, 2007) , the circle is closed by miR-34c targeting MET. This sheds light on the past work showing that MET expression is increased in cells devoid of p53 (Rong and Vande Woude, 1994) . In the prostate cell line, the highest MET expression was seen in PC3 and DU145 that both contain mutated p53, corroborating this theory. It was recently reported that MET-dependent cell motility and invasion are controlled by p53, acting by two mechanisms: activation of miR-34 family genes (Migliore et al, 2008) and inhibition of Sp1 binding to the promoter of MET (Hwang et al, 2011) .
To investigate the miR-34c/MET axis, we stained for MET expression in a cohort of 47 PCa patients, and found an inverse correlation to miR-34c in the benign parts of tissues, but in the malignant parts the trend seen was not statistically significant. The difference in the benign and malignant parts could be explained by the low level of miR-34c in the malignant parts and thus a reduced dynamic range or the higher frequency of p53 mutations and thus decreased positive feedback as described above. Another contributing factor might be target competition (Ebert et al, 2007; Poliseno et al, 2010; Salmena et al, 2011) between the hereby confirmed miR-34c target MET and previously confirmed AR (Ostling et al, 2011) in PCa cells. As the levels of AR transcripts are increased in malignant tissues (Hobisch et al, 1995; Ostling et al, 2011) and the miR-34c levels are decreased, the repressive effect miR-34c is having on MET might be relieved through targets competition. It has also been suggested that MET is repressed by androgens through AR (Verras et al, 2007) . In the prostate cell lines, MET expression inversely correlates with active AR signalling; high MET expression in AR-negative cell lines DU145 and PC3, and lower expression in the AR-positive cell lines, in agreement with earlier observations (Humphrey et al, 1995; Knudsen et al, 2002) . It has been suggested that AR, as well as p53, regulates the transcription of MET through the transcription factor Sp1 (Verras et al, 2007) .
Currently, androgen deprivation therapy is used for advanced PCa, inducing apoptosis and repressing expression of growth promoting genes activated by the AR, with the result of a reduction in tumour size (Huggins and Hodges, 1972; Furuya and Isaacs, 1993) . However, it is possible that androgen deprivation alleviates the repressive role of AR signalling in MET expression and hereby contributes to the metastatic potential of these cells. If this is the case, it is conceivable that androgen deprivation combined with therapeutic miR-34c replacement treatment can both delay the CRPC onset and keep MET levels low so that the metastatic potential of the PCa cells are diminished. In conclusion, the link between miR-34c and MET in prostate cancer opens up novel therapeutic opportunities especially for the advanced and currently incurable form of PCa and merits further investigations.
